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Advances in environmental monitoring systems from remote sensing to pervasive real and
virtual sensor networks are enlarging the amount and types of data available at local and global
scale at increasingly higher temporal and spatial resolution. However, accessing and integrating
these data for modeling and operational purposes can be challenging and highly time
consuming, particularly in complex physical and institutional contexts, where data are from
different sources. The paper focuses on the design of a web geo-service architecture, based on
Free and Open Source Software (FOSS), to enable collection and sharing of data coming from
complex water resources domains and managed by multiple institutions. The heterogeneous
nature of these data requires the combination of different geospatial data servers (Catalog
Service for the Web, Web Map Service, Web Feature service, Sensor Observations Service) and
interface technologies that enable interoperability of all complex resources data types. This is a
key feature of web geo-service tools in multidata and multiowners environment. Besides the
storage of the available hydrological data according to the Open Geospatial Consortium
standards, the architecture provides a platform for comparatively analyzing alternative water
management strategies. The architecture is developed for the Lake Como system (Italy), a
regulated lake serving multiple and often competing water uses (irrigation, hydropower, flood
control) in Northern Italy.

INTRODUCTION
Accessing and integrating data for modeling purposes has nowadays become challenging,
particularly in complex physical and institutional contexts where data are from different sources
in a multidata and multiowners environment. Interoperability is a key concept to overcome this
challenge and is defined as the “capability to communicate, execute programs, or transfer data
among various functional units in a manner that requires the user to have little or no knowledge
of the unique characteristics of those units” [1]. Interoperability facilitates the reuse of spatial

data and, at the same time, guarantees an appropriate control level of their interchange [2]. In
order to achieve interoperability, interface standardization (transport protocol, web services)
metadata standardization (ontology) and data standardization (message encoding) need to be
implemented [3, 4].
Interface and metadata standardization has been address by the Open Geospatial Consortium
(OGC) with the creation of the well-known and widely-implemented geospatial web services
standards, such as Catalog Service for the Web (CSW), Web Map Service (WMS), Web
Feature service (WFS), Web Coverage Service (WCS), Sensor Observations Service (SOS) or
Web Processing Service (WPS). The OGC services that have particular importance in the water
resources domain are SOS, especially for time series observational and forecast data, and WPS,
which provides rules for standardizing communication of inputs and outputs (requests and
responses) for any geospatial processing services, including hydrological modeling [3]. The
possibility of migrating desktop-based algorithms for geospatial processing into web services
has been tested [5,6]. In water resources domains, time-consuming tasks are generally carry out
for collecting, analyzing and processing huge volumes of hydrological data (times series) by
using commonly traditional GIS tools. However, distributed geoprocessing services for water
resource management applications can be more effectively and efficiently provided, especially
if data are managed and collected by several stakeholders.
Data standardization initiatives for water resources domain is been tackled by the Open
Geospatial Consortium (OGC) through the Hydrology Domain Working Group (HydroDWG)
(http://external.opengis.org/twiki_public/bin/view/HydrologyDWG/WebHome). Work within
the HDWG consists in the development of candidate specifications for consideration by the
OGC’s Technical Committee (TC), and the performance of interoperability experiments [7] .
The mayor open specification projects of this group are:
-

-

OGC® WaterML 2.0: (http://www.opengeospatial.org/standards/waterml): an XMLbased standard for encoding and exchanging data describing the state and location of
water resources, both above and below the ground surface, providing the framework
under which time series can be exchanged with appropriate metadata, to allow correct
machine interpretation and thus correct use for further analysis.
SOS profile for hydrology domain – WaterML for SOS [8]: The WaterML 2.0
standard is implemented as an application schema of the OGC Geography Markup
Language (GML) and encodes hydrologic semantics onto the OGC Observations and
Measurements (O&M) model and encoding standards. It is thus compatible with a
wide variety of geospatial and sensor web systems. However it was necessary to create
a WaterML profile for Sensor Observation Service to see how this specification could
work with SOS, and to guarantee semantic compatibility.

The WaterML specification is relevant mainly for time series data management. The essential
need of a hydrological time series service is the discovery up to the actual time series level with
appropriate listings and filtering options. This operation was difficult because the SOS does not
feature anything like a time series list. Basic discovery functions are available in the SOS 2.0
standard with a filterable GetFeatureOfInterest command for retrieval of measuring locations.
Due to the fact that is a very recent data specification, there are not so many scientific work
related to this field.

Other data standardization initiatives are coming from the legal framework for the
Infrastructure for Spatial Information in the European Community (INSPIRE;
http://inspire.jrc.ec.europa.eu/). The Directive 2007/2/EC of the European Parliament and of the
Council aims at establishing the INSPIRE infrastructure and highlights the necessity to made
available spatial data sets in a standard interoperable way. This is why it has published
Technical Guidelines Annex I and the Draft Technical Guidelines Annex II & III containing a
series of thematic categories of spatial data, with a brief description of each topic. The ones
directly related with water resources domain are: (a) Data Specification on Hydrography:
description of the sea, lakes, rivers and other waters, with their phenomena; (b) Data
Specification on Environmental monitoring Facilities: the link element between spatial data
themes, as defined by the INSPIRE Directive, and observations - measurements on specific
aspects of the environment (e.g., water quality, meteo). WaterML is directly linked with this
data theme and (c) Data Specification on Land use: description of the Hierarchical INSPIRE
Land Use Classification System (HILUCS).
Due to the necessity of enabling interoperability of all water resources data types, this research
focuses on the design of a web geo-service architecture, based on Free and Open Source
Software (FOSS), to enable collection and sharing of data coming from complex water
resources domains, and managed by multiple institutions. Besides the storage of the available
hydrological data according to the Open Geospatial Consortium standards, the architecture
provides a platform for comparatively analyzing alternative water management strategies. The
architecture is developed for the Lake Como system (Italy), a regulated lake serving multiple
and often competing water uses (irrigation, hydropower, flood control) in northern Italy.
In the following sections the goal and motivation for the proposed architecture will be explored.
Then it will be described how to merge the concepts previously introduced in a web geosystem architecture. Finally, conclusions and paths for future work will be addressed.

CASE STUDY DESCRIPTION
The FOSS-based web geo-server described in this work has been developed for the Lake Como
system, see figure 1. Lake Como is a regulated lake in Northern Italy, characterized by a storage
of approximatively 254 Mm3 and fed by a 3,500 km2 catchment. The lake inflow and effluent
is the Adda River, serving eight run-of- river hydroelectric power plants and feeding a dense
network of irrigation canals, which supports five irrigation districts with a total surface of 1,400
km2. The regulation of the lake aims also to prevent flooding along the lake shores, especially
in Como city.
The aim of the FOSS-based web geo-server is to contribute in developing a holistic, “soft”
approach [9] to water resources planning and management at the basin scale. The underlying
concept is that the coordinated management of the multiple distributed water storage systems
(i.e., alpine reservoirs, Lake Como, groundwater resources) should facilitate agreements among
the competing water uses. The participation and interaction of all the stakeholders affected by
the system management (e.g., water managers, hydropower companies, farmers) through the

use the web geo-server has indeed the potential for enhancing the efficiency of water
management practices and mitigate climate change adverse impacts [10].
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Figure 1. Lake Como System [11]
This work focuses on the analysis of the main components of the Lake Como system and the
different water-related interests involved. In other words, the project aims at understanding the
reciprocal feedbacks between the decisions made in the system, such as modifications of the
upstream reservoirs or Lake Como operations or changes in the crops’ type cultivated in the
downstream agricultural districts. Moreover, the evolution of these complex feedbacks as a
response to the undergoing global change can be also analyzed.
Specifically, the web geo-server allows the exploration of the potential benefits achievable by
adopting coordination strategies between the actors involved. Significant advantages can be

obtained through a coordinated management of Lake Como and the upstream reservoirs, as well
as by tuning the lake releases to match the actual water demand of the crops cultivated in the
irrigation districts downstream [12].

THE WEB GEO SYSTEM ARCHITECTURE
The first requirement for building such a decision making system is that all data
(meteorological, economical, etc.) can be reached by all the involved stakeholders in a standard
and interoperable way. In order to make this possible, we propose a web geo-service
architecture that enables the collection and sharing of water resources management data. As a
practical example, this architecture provides a platform for comparatively analyzing alternative
water management strategies for Lake Como system.
The architecture is based on Free and Open Source Software (FOSS). In general, the benefits of
FOSS are very well known: the possibility to run the software for any purpose, to study how it
works and adapt it or improve it, or the freedom of releasing the improvements made to the
public so that the whole community can benefit [13] are just some of them. The use of FOSS is
especially convenient for governmental and public applications, because it runs based on free
and open source licenses, that don’t require license fees; and this significantly lowers the access
barriers for stakeholders and agents and its long-term maintainability.
The web geo-service’s architecture was defined taking into account the type of data, the
international geo data and geospatial web service standards, as well as possible software
compatibility, as can be seen in figure 2. The client side of the system is a web site based on
Drupal (https://drupal.org/), which is a free and open source content management framework
written in PHP, which allows user account registration and maintenance, menu management,
RSS feeds, page layout customization, and system administration. Drupal is structured in
modules that are functional plugins to customize the website. One of those modules is
OpenLayers (https://drupal.org/project/openlayers), which is an open source library for
displaying map data in web browsers, wide implemented for Web GIS applications.

Figure 2. The proposed web geo-system architecture.

Spatial data coming from Lake Como system can be summarized in: observational data from
meteorological measurements, or hydrological data (time series data) that can be modeled
using WaterML or INSPIRE data specifications; raster data as a product of hydrological
simulations, or thematic data such as land use and soil parameters; and finally vector data
containing base maps, point features (e.g., measurement stations and pumps, among others).
The heterogeneous nature of these data requires the combination of different geospatial web
services (Web Map Service, Web Feature Service, Sensor Observations Service) and interface
technologies enabling interoperability of all complex resources data types. This is a key feature
of web geo-service tools in multidata and multiowners environment.
The geospatial web services are created and administrated by Geoserver (http://geoserver.org/),
an open source software server written in Java that allows users to share and edit geospatial data
using
open
standards.
Specifically
for
time
series
data
istSOS
(http://istgeo.ist.supsi.ch/software/istsos/), an OGC SOS server implementation written in
Python, is used. istSOS allows managing and dispatching observations from monitoring sensors
according to the Sensor Observation Service standard. It is worth noting that in addition to the
use of Web Feature Service (WFS) that allows querying and retrieving features, a transactional
Web Feature Service (WFS-T) is also considered, allowing the creation, deletion, and update of
features. In the case of time series raster datasets, the system can provide support to temporal
requests using (WMS-T): this is particularly useful to visualize and compare raster datasets like
the presence of sediments on the lake, over time.
The water management strategies are modeled and simulated by means of Matlab software
(http://www.mathworks.it/). Spatial inputs of the model, such as land use, meteorological
information, and water demand, originally provided in raster format, are transformed into txt
files to be processed by the matlab model. Model outputs are then transformed into raster files
to make them visible through the geo web service. All data are stored in a PostgreSQL/PostGIS
database.

CONCLUSIONS AND FUTURE DEVELOPMENTS
This paper describes the development of a web geo-service platform which aims not only to
collect and share spatial data, but to provide tools allowing the comparatively analysis of
alternative water management strategies in the Lake Como system. The proposed architecture
combines different software that answers the need of an easy, self-explainable access interface
for a multiple variety of user’s demands.
This project gives important insights on the creation of Spatial Data Infrastructures using FOSS,
and demonstrates that they are a feasible and effective alternative for the use of Open
International Standards for the data collection, storage, sharing and visualization in complex
water resources management contexts
In the future, the web geo-service architecture can be enriched with the use of Web Processing
Service (WPS) open source server software called ZOO (http://www.zoo-project.org/), that
provides an OGC WPS compliant developer-friendly framework to create and chain WPS Web

Services (see figure 3). This could allow the users to run the model through the web, changing
some predefined model parameters.
The next geospatial platforms for water resources domain should focus on i) the right data
specifications to store water related data with the appropriate semantics; ii) the interface
technologies of wireless sensor networks using Sensor Observation Service: (SOS) and Web
Processing Services (WPS) for geoprocessing services and modeling purposes.

Figure 3. Future developments for the web geo-system architecture.
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